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Recently, boron arsenide (BAs) has been measured high thermal conductivity in the experiments, great en-
couraging for the low-power photoelectric devices. Therefore, in the present work, we have systematically
investigated the direct and indirect optical absorptions of BAs and BSb and the doping effect of congeners by
using first-principles calculations. We obtain the absorption onset corresponding to the value of indirect bandgap
by considering the phonon-assisted second-order optical absorptions. And the redshift of absorption onset, en-
hancement and smoothness of optical absorptions spectra are also captured in the temperature-dependent cal-
culations. In order to introduce one-order absorptions into the visible range, the doping effect of congeners on
optical absorptions is studied without the assists of phonon. It is found that the decrease of local direct bandgap
after doping derives from either the small bandgap in the prototypical III-V semiconductors or CBM locating
at Rc point. Thus, doping of congeners can improve the direct optical absorptions in visible range.
I. INTRODUCTION
The photoelectric devices have become the indispensable
micro devices in the modern industrial society. As the fu-
ture development trend of the lower powerful photoelectric
devices, heat dissipation is the mast main factor restricting
the performance of devices. Thus the versatile materials with
high thermal conductivity (κ) become increasingly important.
Carbon based materials have long been recognized as having
higher thermal conductivity than other bulk materials. Partic-
ularly diamond and graphite have a record of∼ 2000 W/(m·K)
at room temperature [1–3], but their applications are seriously
limited by the high cost and anisotropy, respectively.
By using a predictive first-principles calculation with Boltz-
mann transport approach, it is found that boron arsenide (BAs)
with zinc-blende face-centered cubic structure have a remark-
able κ over 2000 W/(m·K) limited by three-phonon scatter-
ing [4, 5]. However, the high-order anharmonicity reduces κ
to 1400 W/(m·K) [6, 7]. The strong covalent bonding and the
large mass ratio between B and As atom give rise to the acous-
tic bunching as well as the large frequency gap between acous-
tic phonons and optic phonons, which effectively increase
intrinsic thermal conductivity. Subsequently, BAs is experi-
mentally isolated by the chemical vapor transport method [8–
10]. And the experimental data of high thermal conductivity,
∼1300 W/(m·K) at room temperature, agrees well with the
theoretical predictions.
Unfortunately, BAs has a global indirect bandgap [11] of
∼1.3 eV and large local direct bandgap of∼ 3.4 eV, similar to
silicon [12, 13]. This obviously limits the one-order absorp-
tions process of the visible range in the standard model cal-
culations. But the second-order absorption process [14–16]
helps silicon apply to solar cell with tolerable photoelectric
conversion efficiency. It should involve the electron-phonon
coupling and utilize the phonons to ensure the momentum
conservation of electronic transition. When the photon energy
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is greater than the indirect bandgap minus (plus) the absorbed
(emitted) phonon energy, the phonons can assist the indirect
optical absorptions process. Besides silicon, phonon-assisted
optical absorptions are also studied in other materials [17–21],
which all have indirect bandgap but application potential in
photoelectric devices. Considering the powerful cooling per-
formance of BAs and the comparability of electronic structure
to silicon, BAs holds plenty of promise in the next-generation
photoelectric devices. Thus it is essential to study the optical
properties of BAs seriously, and a full description of optical
absorption requires the calculation including electron-phonon
coupling. Moreover, the executable methods are also nec-
essary to improve the absorptions process in visible range.
Some common methods, such as pressure [22, 23] and dop-
ing [24–26], can influence the electronic structure and change
the physical properties, so may also improve the one-order
absorption process in the visible range.
In this paper, based on the first-principles calculations, we
investigate the one-order and second-order optical absorptions
of BAs and BSb, which are both predicted to have high ther-
mal conductivity in the previous works. The results show that
the main optical absorption peaks appear in the ultraviolet re-
gion around 7.0 eV. The absorption onset is in coordination
with the indirect bandgap, and also red shifts with the increase
of temperature. The absorption spectra in the visible range of
BAs and BSb are similar to that observed in other indirect
bandgap semiconductors [14]. And the doping of congeners
can enhance the one-order optical absorptions in visible range,
due to the reduction of local direct bandgap.
II. METHODS
Technical details of the calculations are as follows. All
calculations in this work were carried out in the frame-
work of density functional theory (DFT) with General gra-
dient approximation (GGA) in the Perdew-Burke-Ernzerhof
(PBE) implementation [27], as implemented in the QUAN-
TUM ESPRESSO [28]. The ion and electron interactions
are treated with the norm-conserving pseudopotentials [29].
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2The hybrid Hartree-Fock+DFT functional of HSE was used
in order to obtain the accurate bandgap and the direct optical
absorption in the standard model calculations. By requiring
convergence of results, the kinetic energy cutoff of 600 eV
and the Monkhorst-Pack k-mesh of 30×30×30 (20×20×20)
were used in all calculations about the ground-state prop-
erties of primitive cell (cubic crystal cell). The phonon
spectra and electron-phonon coupling were calculated on a
30×30×30 q-grid using the density functional perturbation
theory (DFPT) [30] and maximally localized wannier func-
tions [31–34]. Phonon-assisted optical absorption process
could be analyzed by the second-order time-dependent per-
turbation theory with electron-phonon coupling [14–16, 21],
which was applied to some semiconductors, such as silicon,
SnO and so on. The bandgap of HSE functional also gave the
value of the scissor shift of the gap in the calculations about
phonon-assisted indirect absorption process.
III. RESULTS
FIG. 1. Band structure and phonon spectra. (a) Band structures of
BAs and (b) BSb with primitive cell calculated using PBE functional.
Both materials have VBM at Γ point, but the CBM of BAs locates on
Γ-X (0.5,0.0,0.5) line, different from the X point in BSb. (c) Phonon
spectra of BAs and (b) BSb. Two transverse modes are degenerate
alone Γ-L (0.5,0.5,0.5) and Γ-X lines, thus phonon spectra show four
branches.
The lattice structure of BAs and BSb is a face-centered cu-
bic structure with space group of F4¯3m, where B atoms locate
the tetrahedral center of the four nearest neighbor V-group
atoms with the B-V-B bond angle of 109.47◦. The lattice
constants of BAs and BSb are 4.80 A˚ and 5.30 A˚, respec-
tively, agreement well with the previous works [35–38]. They
are both indirect bandgap semiconductors and have silicon-
like band structures. As shown in Figs. 1(a) and (b), the va-
lence band maximum (VBM) locates at Γ point and conduc-
tion band minimum (CBM) locates at Γ-X line (BAs) or X
point (BSb). The bandgap of BAs and BSb in the band struc-
tures calculated using PBE functional are 1.31 and 0.80 eV,
respectively. In order to correct the underestimated effect of
PBE functional, the hybrid functional of HSE are used to ob-
tain the accurate bandgap, which increases to 1.58 (1.06) eV
in BAs (BSb). The primitive cell of BAs or BSb includes
two atoms thus the phonon spectra should have six phonon
branches (three acoustic and three optical branches). But the
symmetries alone Γ-L and Γ-X lines lead to the double degen-
erate transverse acoustic modes and transverse optical modes,
as shown in Figs. 1(c) and (d). The heavy Sb atom also
brings about the lower frequency in the whole spectrum of
BSb than that of BAs. It worth noting that the LO-TO split-
ting of BSb (14.3 cm−1) is significantly greater than that of
BAs (3.1 cm−1), because of the bigger difference of ionicity
between B and Sb elements.
FIG. 2. Full optical absorption spectra. (a) The direct optical ab-
sorption spectra of BAs and (b) BSb in the standard model calcula-
tions with HSE functional. (c) The full optical absorption spectra of
BAs and (d) BSb with the phonon-assisted indirect absorption pro-
cess in the low-energy region (logarithmic scale). It is observed that
the absorption onset transfer from the local direct bandgap to the
global indirect bandgap.
3A. Phonon-assisted optical absorptions
In the standard model calculations including one-
order absorption, the direct optical absorption spectra
can be obtained by the dielectric function as α(ω) =√
2ω[
√
ε1(ω)2 + ε2(ω)2−ε1(ω)]1/2, where ε1(ω) and ε1(ω)
are the real and imaginary parts of frequency-dependent com-
plex dielectric function. As shown in Figs. 2(a) and (b), the
direct optical absorption increases sharply between 4.5 and
6.5 eV, and the main peaks appear in the ultraviolet region
around 7.0 eV. There is almost not optical absorption in the
visible range (1.62∼3.11 eV), limited by the large local di-
rect bandgap in BAs and BSb. The direct absorption onset
occurs at the minimum direct bandgap [Figs. 2(c) and (d)],
corresponding to the transition between valence state (bond-
ing p states: Γ15v) and conduction state (antibonding p states:
Γ15c) at Γ point [35]. After considering the phonon-assisted
indirect optical absorption at the temperature of 100 K, the
redshift of absorption onset is shown obviously by the black
solid line in Figs. 2(c) and (d). And the deviate of indirect ab-
sorption onset and the value of indirect bandgap is attributed
to the smearing treatment of δ function about energy conserva-
tion in the Fermi’s golden rule expression of phonon-assisted
absorption coefficient [34]. The optical absorption spectra of
BAs and BSb in the visible range (< local direct bandgap)
are similar to the changing curve of silicon in the previous
work [34]. This results indicate that the primary BAs and BSb
can also be applied to the photoelectric devices even though
the existence of indirect bandgap.
FIG. 3. Temperature-dependent optical absorption spectra. The
full optical absorption spectra of BAs in low-energy region under
different temperatures. The inset details are the optical absorption
spectra around the values of indirect and direct bandgap.
Fig. 3 shows the temperature-dependent optical absorption
spectra of BAs. Note that the temperature effects on electronic
state energies, including the lattice expansion and electron-
phonon renormalization [39–42], are not considered in our
calculations. But the temperature-dependent results still cap-
ture two features of temperature effects. One is the redshift
of ∼0.1 eV from 100 K to 400 K, similar to the universal
phenomenon in other materials [17–19, 21]. But, the incom-
plete temperature effects in our calculations result in the small
redshift of indirect optical absorption onset. And the other
one is the enhancement and smoothness of optical absorption
spectra at high temperature. With the increase of temperature,
there are more phonons to assist the optical absorptions, and
the attainable range of final state from the same initial state is
broadened and the absorption cross section increases, thus the
temperature gives rise to above effects, which are also present
in BSb.
B. Doping effect of congeners
FIG. 4. Doping effect of congeners on the band structures. (a)
The band structures of B3As4Al, (b) B4As3N, (c) B3Sb4Al and (d)
B4Sb3P with cubic crystal cell calculated using PBE functional. The
inset details in (b) and (c) shows that B4As3N and B3Sb4Al trans-
forms into semiconductor in the HSE functional. The corner mark
of symmetry points signifies that the K points are in the reciprocal
space of cubic crystal cell.
Although the phonons assist the indirect optical absorption
in the visible range, the second-order process is weaker than
one-order process and has small correction in the higher en-
ergy region ( > local direct bandgap), where one-order ab-
sorption is the dominating process. So, except for the phonon-
assisted indirect absorption process, we also explore the way
to improve the one-order absorption process in visible range.
Consider that the doping of congeners has been successfully
used to improve the performance of III-V semiconductor [24–
26], we systematically investigate the doping effect of con-
geners on the optical absorption. And the calculations about
doping effect do not refer the electron-phonon coupling.
4FIG. 5. Doping effect of congeners on the optical absorption spectra. (a) The direct optical absorption spectra of B3As4Al, (b) B3As4Ga,
(c) B3As4In, (d) B4As3N, (e) B4As3P, (f) B4As3Sb, (g) B3Sb4Al,(h) B4Sb3P and (i) B4Sb3As in the standard model calculations. The black
line is the optical absorption spectra of BAs or BSb. The inset details are zoom-in view of absorption spectra in low-energy region (0.5∼3.5
eV)
TABLE I. Bandgap of B4As4 and B4Sb4 with the doping of con-
geners calculated using HSE functionals.
B3As4X (eV) B3Sb4X (eV)
Al 1.13 Al 0.18
Ga 0.63 Ga metal
In 0.91 In metal
B4As3X (eV) B4Sb3X (eV)
Sb 1.39 As 1.13
N 0.36 N metal
P 1.72 P 1.20
In order to study the doping effect, we adopt the face-
centered cubic (FCC) crystal (4 times primitive cell) as the pe-
riodic unit. For B4As4 and B4Sb4, one atom (B, As, and Sb) is
substituted by one atom of same main group, such as B3As4Al
and B4As3N. In the calculations of electronic structures, it is
found that BAs-based systems are all the semiconductors, as
summarized in Tab. I. However, there are only three semicon-
ducting BSb-based systems. The band structures after doping
are plotted in Fig. 4. It is obvious that the four systems have a
much smaller ’direct’ bandgap than that of prototypical struc-
ture seemingly. But, what needs to pay attention is that the
X point (0.5, 0.0, 0.5) in the reciprocal space of primitive cell
is folded at Γc point (0.0, 0.0, 0.0) in the reciprocal space of
FCC crystal cell. Thus the folding leads to the pseudo direct
bandgap and the doping of congeners hasn’t really changed
the feature of indirect bandgap in B4As4 or B4Sb4. Among
all the doping systems, B3Sb4Al has the smallest bandgap in
the HSE functional [Tab. I], but it is metallicity with the GGA
calculations, which also appears in B4As3N [Fig. 4].
Figure. 5 plot the direct optical absorption spectra of all
semiconducting doping systems. By comparing the B3As4X
(X=Al, Ga, In), as shown in upper panels in Fig. 5, it is ob-
served that the enhancement of absorptions increases with the
increase of atomic number of doping elements. We can ana-
lyze the reasons simply by the band structures of III-As com-
pounds [36, 43, 44]. With the increase of atomic number
of III-group elements, III-As compounds become from in-
direct bandgap (BAs) to direct bandgap at Γ point (GaAs),
even metal (InAs). It is palpable that B3As4X has smaller and
smaller local direct bandgap at Γ point in the reciprocal space
of diatomic primitive cell, so doping can improve the optical
absorption of B3As4X in visible range. However, B-V com-
pounds are all indirect bandgap semiconductor thus has little
doping effect on optical absorption, except for B4As3N, as
shown in middle panels in Fig. 5. The calculation of B4As3N
5shows that the CBM locates at Rc point (0.5,0.5,0.5), differ-
ent from the Γc-Xc line of B4As3P and B4As3Sb. So B4As3N
has a smaller local direct bandgap and higher optical absorp-
tion in visible range. The lower panels in Fig. 5 show that
all doping-BSb systems can increase the absorption in visi-
ble range. B3Sb4Al has small local direct bandgap at Γ point,
similar to B3As4X. Nevertheless, B4Sb3P and B4Sb3As have
the CBM locating at Rc point, similar to B4As3N.
IV. DISCUSSION
In the present work, we have systematically investigated the
direct and indirect optical absorptions of BAs and BSb and
the doping effect of congeners by using first-principles calcu-
lations. Due to the indirect bandgap and the large local direct
bandgap of BAs and BSb, the one-order optical absorption
in visible range is forbidden transition and the second-order
absorption becomes the dominant process. Therefore, consid-
ering the phonon-assisted indirect optical absorption, we ob-
tain the absorption onset corresponding to the value of indirect
bandgap. Moreover, the redshift of absorption onset, enhance-
ment and smoothness of optical absorption spectra are also
captured in the temperature-dependent calculations. In view
of the lower second-order absorption than one-order absorp-
tion and the importance of introducing one-order absorptions
into the visible range, the doping effect of congeners on op-
tical absorptions is studied without the assist of phonon. The
main result is that the small local direct bandgap can improve
the one-order optical absorption in visible range with two dif-
ferent reasons. One is that the small bandgap in the prototyp-
ical III-V semiconductor including doping atom lead to the
small local direct bandgap of doping systems. The other one
is that CBM locating at Rc point also generate small local di-
rect bandgap.
In the future, inclusion of full-scale temperature effects,
lattice expansion and electron-phonon renormalization, may
improve the predictions of temperature-dependent optical ab-
sorptions and thus better guide the experiments. Furthermore,
it’s also important to notice that electron-hole Coulomb inter-
action is not taken into account, since the bandgap of HSE
calculations is in good agreement with the experiments about
III-V semiconductors [45–47]. In fact, the band edge wave
functions in the indirect bandgap semiconductors locate at dif-
ferent K points in reciprocal space, leading to the small over-
lap of wave functions, as well as the small Coulomb interac-
tion between electrons and holes. Therefore, the combination
of phonon-assisted spectra and HSE calculations can simulate
the optical properties well, without the need to account for
excitonic effects.
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